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Current pharmacological options for type 2 diabetes do
not cure the disease. Despite the availability of multiple
drug classes that modulate glycemia effectively and
minimize long-term complications, these agents do not
reverse pathogenesis, and in practice they are not
selected to correct the molecular profile specific to
the patient. Pharmaceutical companies find drug devel-
opment programs increasingly costly and burdensome,
and many promising compounds fail before launch to
market. Human genetics can help advance the thera-
peutic enterprise. Genomic discovery that is agnostic
to preexisting knowledge has uncovered dozens of loci
that influence glycemic dysregulation. Physiological
investigation has begun to define disease subtypes,
clarifying heterogeneity and suggesting molecular path-
ways for intervention. Convincing genetic associations
have paved the way for the identification of effector
transcripts that underlie the phenotype, and genetic or
experimental proof of gain or loss of function in select
cases has clarified the direction of effect to guide
therapeutic development. Genetic studies can also
examine off-target effects and furnish causal inference.
As this information is curated and made widely avail-
able to all stakeholders, it is hoped that it will enhance
therapeutic development pipelines by accelerating effi-
ciency, maximizing cost-effectiveness, and raising ulti-
mate success rates.

STATEMENT OF THE PROBLEM

The current state of affairs is deeply unsatisfying. Despite
its status as one of the oldest documented endocrinopa-
thies, the availability of a molecular therapy for almost a
century, and the substantial morbidity and mortality that
make type 2 diabetes a modern urgent public health
menace, we have not been able to cure the disease—at
least, using pharmacological means. Our surgical colleagues

have had to lead the way by demonstrating restoration of
euglycemia after gastric bypass leading to lasting remissions,
an outcome that is also achievable (but much more challeng-
ing) through behavioral means, if adopted and adhered to
early in the disease course. But the academic community and
the pharmaceutical industry have been unable to produce a
drug that reverses pathophysiology and permanently rescues
an individual from type 2 diabetes.

Although it is true that drug discovery has led to a
proliferation of drug classes targeting this condition (1)
(with 12 drug classes approved by the U.S. Food and Drug
Administration at last count, including insulin and its
analogs, biguanides, sulfonylureas, a-glucosidase inhibitors,
thiazolidinediones, glinides, glucagon-like peptide 1 [GLP-1]
receptor agonists, dipeptidyl peptidase 4 inhibitors, bile
acid resins, dopamine agonists, pramlintide, and sodium–
glucose cotransporter 2 [SGLT2] inhibitors), the majority
of these agents simply address a by-product of the disease
process: they are symptom treating, but not disease mod-
ifying. Merely lowering glucose by interfering with its
gastrointestinal absorption, reducing its hepatic release,
enhancing its uptake into insulin-responsive tissues, or
favoring its renal elimination does little to modify the path-
ogenic insults that cause primary b-cell degeneration or
target-organ insulin resistance (2). Modulating glycemia is
indeed crucial to reduce long-standing microvascular and
even macrovascular complications, but we are stuck in sec-
ondary prevention rather than in cure mode.

In part, this is because of our limited understanding of
disease pathogenesis. Diabetes is defined by a diagnostic
metric (hyperglycemia) that only reflects the end result of
many altered processes. A patient who develops hyper-
glycemia in the absence of autoimmunity and without a
clear inherited pattern of transmission is automatically
given the diagnosis of type 2 diabetes and entered into a
treatment algorithm that does not address the molecular
causes of his or her current metabolic state, let alone
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make an attempt to tailor therapies to specific pathways
(3). This is akin to defining cancer on the sole basis of
mass effect on surrounding anatomical structures and in-
stituting nonspecific therapies to control tissue growth, a
paradigm that thankfully has been superseded throughout
most of oncological practice. There is little doubt that type
2 diabetes is a conglomerate of multiple pathophysiological
derangements with variable manifestations in a given pa-
tient; thus, there is a peremptory need to elucidate its het-
erogeneity and explore whether we can classify the disease
in physiologically driven, clinically relevant subtypes (4).

Two other obstacles stand in the way of novel
pharmacological therapeutics for type 2 diabetes (Ta-
ble 1). First is the inordinate cost of drug development
(5). In the current era, it is not unusual for a drug pro-
gram to incur expenses of over $1 billion to go from
molecule discovery to market, severely curtailing new
compound development to only the best capitalized com-
panies, inhibiting risk-taking around new chemical enti-
ties, and undermining innovation (6). In type 2 diabetes,
costs have been magnified since the U.S. Food and Drug
Administration began requiring proof of cardiovascular
safety for new type 2 diabetes agents, necessitating the
conduct of long and expensive cardiovascular clinical trials.
As a consequence, in 2013 57.6% of all diabetes expendi-
tures in the U.S. ($101.4 billion) went to pharmaceuticals
(7). Second, and connected with the above, we have to
contend with the dismal and declining success rate of
many drug programs, with only about 10% of drugs ever
making it to market through failure to show efficacy or
preserve safety in humans (8). Thus the cost of successful
medications in part subsidizes the many failed attempts
elsewhere in the drug pipeline (9).

What can one do to understand pathophysiology better,
aiming to identify the key molecular targets that will
subserve the production of disease-modifying drugs, so
that these can be prescribed to the patient who harbors
the corresponding disease subtype? Can we improve our
methods for target validation in the relevant model system,
the human, ahead of costly and risky clinical testing? Can we
enhance our predictive abilities around efficacy and safety
before we launch the necessary definitive clinical trials?

In this Perspective, I will use the vantage point of
type 2 diabetes to argue that unbiased genetic discovery
in humans can indeed support these efforts, identify valid
drug targets, illuminate mechanisms, flag off-target effects,
and provide causality. The hope is that facilitating the
deployment of new genetic knowledge across pharmaceu-
tical discovery programs will accelerate drug development
by enhancing the efficiency and cost-effectiveness of
bringing new agents to market.

MODERN GENOMIC DISCOVERY

The sequencing of the human genome, the characteriza-
tion of the patterns of human genetic variation, and
technological and methodological advances in genotyping
and sequencing studies have underwritten a veritable
explosion in genetic discovery (10). Crucially, these stud-
ies have queried the entire human genome in an agnostic
fashion, free from the constraints of preexisting biological
knowledge, thus enabling the implication of heretofore
unsuspected pathways. Larger sample sizes achieved via
international collaboration, improved imputation methods,
and next-generation sequencing techniques have expanded
the allele frequency spectrum for variant association, allow-
ing for the detection of low-frequency variants and the
targeting of specific ethnic subgroups (Table 2). In this
manner, over the past decade, nearly 100 loci have been
associated with type 2 diabetes or related traits in multiple
populations (Fig. 1) (11). Though together these variants
only explain 10–15% of the inherited cause of type 2 di-
abetes, the approach has proven successful and the meth-
ods have been streamlined. It is likely that the accrual of
larger sample sizes (e.g., in developing nations or large
health care systems) as costs continue to drop will only
continue to advance discovery.

Have these genomic studies generated new knowledge?
For the purposes of drug target identification in type 2
diabetes, several key insights have emerged. Genome-wide
association studies (GWAS) have established b-cell func-
tion as the focus in type 2 diabetes pathogenesis, comple-
menting prior observations in monogenic diabetes (12).
They have revealed causal links between metabolism and
circadian rhythmicity, fetal development, or lipid regula-
tion that were previously highlighted by epidemiological
correlations (13). They have identified new pathways (e.g.,
zinc transport into b-cell granules [14], KLF14 target
genes in adipocytes [15], melatonin signaling [16], or
monocarboxylate transport [17]) in type 2 diabetes path-
ogenesis. They have also enabled a more comprehensive

Table 1—Challenges to drug development in type 2 diabetes

Unclear heterogeneity of the disease
Type 2 diabetes is used as a “catch-all” diagnosis.
Metabolic state changes with disease progression.
Disease subclassification is not routine in clinical practice.
Molecular pathogenesis is not fully elucidated.

Cost of drug development
Comparison with standard of care requires larger studies

to demonstrate clinical benefit.
Proof of cardiovascular safety demands costly and complex

trials.
Impact on diabetes complications takes too long to achieve.
The multiplicity of available pharmacological options

constrains the therapeutic niche for novel agents,
undermining viability.

Inadequacy of current practices
Preclinical models may not be relevant to the human

situation.
Modulating glycemia may not be the critical end point.
Emergence of side effects in humans threatens new

agents, as hyperglycemia does not confer immediate
serious risk and can be controlled via other means.
Initial evaluation of these side effects in phase 1 and
2 trials may be inefficient, insufficient, and expensive.
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exploration of the genetic architecture of the disease, setting
boundaries for the effect sizes and allelic series that make up
the likely universe of disease-causing variation (18).

The picture that emerges from the empirical evidence
is one by which several hundred to a few thousand genetic
variants of very modest effects are likely to seed the
genetic predisposition to type 2 diabetes, interacting with
a multitude of environmental insults. Given the number
of contributing factors involved and the weak effect of
any individual determinant, the definition of subtypes is
unlikely to be as cleanly demarcated as it is for monogenic
disease; instead, it may have to rely on drawing somewhat
arbitrary lines along various continua that are genetically
and/or physiologically defined, denoting distinct extremes
along axes of pathophysiology. To borrowMark McCarthy’s
analogy, the challenge will be to describe specific hues
across the spectra of a multicolored palette (19).

GENETICALLY DRIVEN DIABETES
SUBCLASSIFICATION

Under this paradigm, have genetic findings improved
type 2 diabetes nosology? As the number of genetic
associations reaches critical mass and new associations
emerge from parallel genomic studies for related phe-
notypes, investigators can use a number a clustering
approaches to group genomic loci around select limbs of
the glucose homeostasis system. In an early exploration,
type 2 diabetes–associated loci could be subdivided into
clusters that impair b-cell function or insulin sensitivity
(20). A more focused effort, centered on variants asso-
ciated with insulin resistance, demonstrated that a
subset of such variants defined a lipodystrophy-like

syndrome (21): a genetic risk score (GRS) constructed
with 11 insulin resistance–raising variants was associ-
ated with lower BMI but higher risk of type 2 diabetes,
nonalcoholic fatty liver disease, hypertension, and cor-
onary artery disease. The growing list of genetic asso-
ciations, larger sample sizes, and richer phenotypic data
sets will only continue to clarify the existence of sub-
groups that can be defined by extremes in a range of such
GRSs, such that the clinical approach to their surveillance
and treatment can be tailored more rationally.

The use of GRSs is needed to improve statistical power
in capturing a larger proportion of the variance in any
given trait because of the modest effects exerted by
individual genetic variants. However, there are instances
where a single association is sufficient for decision making.
Typically this happens in the context of rare or low-
frequency variants that have strong effects in specific
populations. A nonsense polymorphism in TBC1D4 has
a 17% minor allele frequency in Inuit populations, raises
2-h glucose, and increases type 2 diabetes risk 10-fold
(22). As TBC1D4 is implicated in transducing the insulin
signal in skeletal muscle, it is believed that these individ-
uals suffer from a type 2 diabetes mostly defined by mus-
cle insulin resistance and might benefit preferentially
from treatment with an insulin sensitizer (23). Similarly,
a missense polymorphism in HNF1A has a 2% minor allele
frequency in Latino populations and increases type 2 di-
abetes risk fivefold (24). Because carriers of loss-of-function
mutations in this gene experience a more favorable response
to sulfonylureas, it is possible that these patients might be
better treated with those agents as well, at least early in
their disease course.

Table 2—Types of genetic studies

Type Alleles captured Advantages Limitations

Targeted
genotyping

Specific variants Inexpensive, hypothesis driven Constrained by current knowledge, cannot use
genome to control for population effects

Genome-wide
genotyping
(GWAS)

Common; coding
and noncoding

Affordable, comprehensive, agnostic, can
control for population effects, streamlined
analysis

Requires large sample sizes to detect
modest effects at genome-wide statistical
significance (P = 5 3 1028)

Exome-wide
genotyping

Common and
low-frequency;
coding

Affordable, comprehensive as far as genes
are concerned, agnostic, can control for
population effects, can conduct individual
variant testing as well gene burden tests,
easier interpretation of functional effects

Requires large sample sizes to detect
modest effects at exome-wide statistical
significance (P = 5 3 1027 for single
variants, P = 2.5 3 1026 for gene-based
tests of rare variant aggregation), only
focuses on coding variation that is shared
across populations

Whole-exome
sequencing

Common,
low-frequency,
and rare; coding

Expensive; comprehensive as far as genes
are concerned; agnostic; can control for
population effects; can conduct individual
variant testing as well gene burden tests;
can discover novel variants in an
individual, a family, or a group; easier
interpretation of functional effects

Requires large sample sizes to detect
modest effects at exome-wide statistical
significance (P = 5 3 1027 for single
variants, P = 2.5 3 1026 for gene-based
tests of rare variant aggregation), capture
of variation may be uneven across the
genome

Whole-genome
sequencing

Common,
low-frequency,
and rare; coding
and noncoding

Very expensive, most comprehensive,
agnostic, can control for population
effects, can discover novel variants in an
individual, a family, or a group

Unresolved threshold for statistical
significance in the low-/rare frequency
spectrum, challenging interpretation of
functional effects
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AGNOSTIC GENOMIC STUDIES CAN YIELD DRUG
TARGETS

Is this knowledge relevant to drug discovery? There are
several ways of answering this very pertinent question
(Table 3). One can ask whether genetic studies have uncov-
ered true positive findings, i.e., instances where a known
drug target is encoded by a gene detected via these methods.
This would add confidence that the approach is effective. As
a higher burden of proof, one can demand to see examples
where genetic studies have led to the development of suc-
cessful drugs approved for use in patients. Through the
different lens of the existing pharmacopeia, one can ask
whether the genes that encode approved drug targets are
enriched for type 2 diabetes–associated variants. And finally,
one can also ask whether genetic studies can shed light on
the drug targets of currently approved agents when these
remain obscure.

Indeed, genetic association studies for type 2 diabetes
and fasting glucose have detected variants in genes that
encode existing drug targets: PPARG for thiazolidine-
diones (25), KCNJ11 for sulfonylureas (26), and GLP1R
for GLP-1 receptor agonists (27). In related fields, a non-
coding variant in the HMGCR gene (encoding HMG-CoA
reductase) has a small effect on LDL cholesterol, but it
flags this gene as a valid target for therapeutic develop-
ment (28). In other words, if nothing had been known
about thiazolidinediones, sulfonylureas, GLP-1 receptor
agonists, or cholesterol biosynthesis prior to the onset of
GWAS, these studies would have pointed to these genes
as potential targets for therapeutic design. These findings
also illustrate that the modest effects generated by a com-
parison of allele frequencies of common variants in these
loci between case and control subjects do not under-
mine the likelihood that the genes, molecules, or pathways

Figure 1—Chronological listing of type 2 diabetes–associated loci, plotted by year of definitive publication and approximate effect size.
They are named by the nearest gene, though this convention does not indicate that the causal gene has been found at the locus. Candidate
loci are shown in green, loci discovered via agnostic genome-wide association approaches in blue, loci identified by exome sequencing in
orange, and loci identified by whole-genome sequencing in red. TCF7L2 (shown in purple) was discovered by dense fine-mapping under a
linkage signal. TBC1D4 (shown in pink) was identified by exome sequencing of a locus found to be associated with a diabetes-related
quantitative trait. Gene names that are underlined denote identification in population isolates. T2D, type 2 diabetes.

diabetes.diabetesjournals.org Florez 1773



revealed by these approaches can serve as viable thera-
peutic targets.

Similarly, genetic studies in other related diseases have
paved the way for the introduction of successful thera-
pies. Knowledge about impaired cellular trafficking of the
cystic fibrosis transmembrane regulator led to the devel-
opment of ivacaftor and lumacaftor, transformative ther-
apies for cystic fibrosis (29,30). Identification of healthy
carriers of loss-of-function PCSK9 mutations ushered
PCSK9 inhibition as a novel approach in LDL lowering
(31,32), and characterization of families who had lost
SGLT2 function enabled the introduction of SGLT2
inhibitors as the most recent type 2 diabetes drug class
(33). In polygenic disease, this proof has been more labo-
rious to attain, partly because of the relatively early state
of the field.

Nevertheless, our group has mined GWAS to deter-
mine whether genes that encode the targets for approved
type 2 diabetes drugs are enriched for type 2 diabetes–
associated variants (34). We compiled a list of 102 genes
in pathways targeted by available antihyperglycemia med-
ications and applied a new statistical method modified
from transcriptomic analyses to ascertain whether this
gene set was enriched for type 2 diabetes genetic associ-
ations. This was indeed the case (at a highly significant
P value of 2 3 1025) and was independently replicated.
The approach can also be used to unmask potential side
effects by mining GWAS for other traits.

Finally, pharmacogenetic studies can be used to search
for the unknown targets of existing agents. In type 2
diabetes, the most tantalizing example concerns metfor-
min, the first-line therapy in all treatment algorithms
(3). Finding its molecular target has proven elusive.
Although a number of pathways have been shown to be
modulated by metformin action (including mitochondrial
complex I [35], AMPK [36], cyclic AMP [37], mitochondrial
glycerophosphate dehydrogenase [38], and, more recently,
the nuclear pore complex [39]), its precise molecular target
is not known. By leveraging cohorts where DNA is available
and metformin response can be quantified, GWAS can be-
gin to identify genomic loci that are associated with met-
formin response (40,41) and harbor genes responsible for
the observed effects.

FROM GENETIC ASSOCIATION TO EFFECTOR
TRANSCRIPT

Confirming robust genomic associations is only the begin-
ning. These signals serve to plant a flag in a given geno-
mic region, where a haplotype (a linear arrangement of
correlated genetic variants) is more often present in
disease than in health. However, the physical proximity of
the index variant to a protein-coding gene does not imply
that this is the gene that, when mutated, gives rise to the
phenotype. The variant could be disrupting an enhancer
element or another regulatory region for more distant genes
(including those that encode microRNAs or long noncoding
RNAs, for instance), misleading naive investigators about
the relevant drug target. Thus, it is essential that genomic
studies be followed by principled searches for the effector
transcript that underlies each genetic association.

One potential avenue involves the discovery of coding
mutations that disrupt protein function and phenocopy
the original association. Typically these are less well
tolerated and therefore present at lower allele frequencies.
Exome genotyping or sequencing studies are required to
detect them in high enough numbers to derive convincing
statistical confidence (Table 2). Coding variants can also be
aggregated into gene burden tests to increase statistical
power (42). When present, they provide supportive evi-
dence that the original GWAS association marked the
gene where they lie as the likely effector transcript. Ancil-
lary information on the pattern of tissue expression of
index genes can be found in the Genotype-Tissue Ex-
pression (GTEx) database, which combines expression
and human genomic data across many human tissues
(43,44). This allows one to establish the presence of the
transcript of interest in physiologically relevant organs
and examine whether noncoding variants associated
with the disease phenotype affect message levels (expres-
sion quantitative trait loci [eQTL] analysis). Experimental
validation that the allelic change leads to the expected
perturbation in enhancer or promoter activity is arduous
to obtain but no less crucial in demonstrating causality.

Identifying a likely effector transcript via the above
approaches does not by itself establish the direction of
effect. That is, even a missense mutation that is associated
with a disease phenotype at genome- or exome-wide statis-
tical significance does not per se indicate whether the
disease-associated allele induces gain or loss of function at
the molecular level. Indeed, the amino acid change may
impair or enhance the activity of an enzyme, transporter,
or transcription factor, and either one of the two actions
could lead to metabolic dysregulation at the organismal
level. Additional information is required for the pharma-
ceutical industry to launch an experimental program based
on that putative drug target, as the search, design, and
evaluation of activators or inhibitors might be radically
different depending on which avenue is selected.

Genetic analyses can guide this decision. At times,
variants that change amino acid sequence will have a clear

Table 3—Evidence of utility of genetic approaches in drug
target identification in type 2 diabetes and related traits

Retrospective: Genetic studies have yielded associated
genes that are known targets for currently marketed
medications.

Prospective: Genetic studies (in Mendelian disease) have
yielded target genes for which novel drugs have been
developed and approved.

Genes that encode existing drug targets are enriched for
variants that are associated with type 2 diabetes.

Unbiased genomic searches can uncover loci associated
with drug response.
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effect on protein function, aligning the direction of the
molecular consequence with the disease risk allele. Very
often, however, a single amino acid change has no dis-
cernible impact, and a search for mutations that alter the
protein unambiguously becomes necessary. Through large-
scale sequencing approaches, investigators with access to
diverse cohorts can identify protein-truncating variants
(PTVs) that disrupt protein function (e.g., stop codons,
intron-exon splice acceptor sites, frameshifts, or read-
through mutations), enabling the study of physiological
consequences of haploinsufficiency at that site in living
humans. If PTVs are statistically more frequent in disease
than in health, it can be presumed that their effect on the
protein (whether loss of function by deletion of a key
activity domain or gain of function by deletion of an
inhibitory domain) is deleterious, and therapies should
counteract this effect by either raising the activity or
expression of the affected protein (if the PTV induces loss
of function) or inhibiting its activity or expression (if the
PTV induces gain of function). The reciprocal strategies
would be applied if PTVs are found to be protective. An
elegant illustration of this concept was rendered by the
observation that loss of function at the zinc transporter
encoded by SLC30A8 appears to be protective for type
2 diabetes, clarifying the direction of effect of the index
R235W coding variant (45). Finally, corroborating proof
can be obtained by overexpression, silencing, or knockout
experiments in appropriate cellular or animal model sys-
tems, now facilitated by genome editing technologies such
as CRISPR-Cas9. It should be kept in mind that although
supportive evidence is helpful, the absence of a consistent
effect in experimental models does not by itself under-
mine the human genetic associations, as the effects could
be species specific or require the interaction of multiple
organ systems.

FROM EFFECTOR TRANSCRIPT TO DRUG

Once geneticists, human physiologists, and experimental-
ists have zeroed in on a valid target, the drug develop-
ment team must establish the general druggability of the
target, that is, how likely it is that a small molecule or
biologic designed to target the gene will do so success-
fully and generate the desired therapeutic effect. Several
considerations influence that assessment. First, at what
developmental stage does the biological effect that must
be perturbed occur? If the damage takes place early in
development, e.g., by establishing a ceiling for a person’s
b-cell mass in utero, intervening therapeutically may be
challenging. Second, where in the body is the gene ex-
pressed, i.e., what other organs might be affected by sys-
temic delivery of the drug? Third, where is the protein or
RNA product localized (secreted into the circulation or
on the cell surface, embedded in the plasma membrane,
untethered in the cytosol, inside a specific organelle, or in
the nucleus)? Fourth, what are the three-dimensional con-
straints that determine whether a small molecule will be
able to interfere with the protein function? Last, how

specific will that perturbation be, in terms of possible
off-target effects on related molecules or in other tissues?
When all of these issues are weighed, only a handful of
proven drug targets may emerge as sufficiently attractive
to invest the sizable human and technological resources
and temporal and financial commitments required for a
serious drug program to enjoy a decent chance of success.

Once again, human genetics may facilitate some of
these necessary evaluations. With respect to off-target
effects that could render a therapeutic candidate unsafe
for use in humans, investigators can use available data-
bases to gauge the likelihood that disrupting a given
gene may cause untoward side effects. If loss-of-function
carriers exist and these are free of a discernible clinical
phenotype, one can be reasonably assured that interfering
with that gene product’s function may be safe. This does
not preclude the conduct of appropriate preclinical, phase
1, or phase 2 studies, as it is possible that a permanent
loss of function from the time of conception may induce
compensatory pathways to overcome the genetic defect,
although these may not be plastic enough for their un-
folding at a more advanced developmental stage to defend
against a loss of function imposed later in life. Neverthe-
less, a benign clinical phenotype of mutation carriers
may provide assurances that investing in this program is
worthwhile. The assembly of large numbers of protein-
coding variation by the Exome Aggregation Consortium
(ExAC) (46,47) and its successor Genome Aggregation
Database (gnomAD) is one way to streamline this task.
Interrogating electronic medical records paired with geno-
mic information by health care systems, such as Kaiser
Permanente, Geisinger, the UK Biobank, Mount Sinai’s
BioMe, Vanderbilt’s BioVU, and others in the Electronic
Medical Records and Genomics (eMERGE) Network, allows
investigators to determine whether carriage of specific var-
iants is associated with unrelated clinical diagnoses.

GENETICS AND CAUSAL INFERENCE

The use of genomic data to identify drug targets leverages
a unique advantage of the genetic approach: alone among
all biomarkers, inherited genetic variation always pre-
cedes the disease process and is unaffected by it or by its
treatment. Thus, in contrast to epigenomics, transcrip-
tomics, metabolomics, or proteomics, it is not susceptible
to reverse causation. It is still vulnerable to limited con-
founding, for example, if the disease prevalence varies
by ethnic groups and the associated allele is a marker of
ethnicity rather than disease, but this type of confound-
ing (caused by population stratification) can be easily
controlled by harnessing the rest of the genome, pre-
sumably unrelated to disease, in providing the necessary
statistical adjustments.

This exceptional feature of genetic approaches can also
be used to support drug discovery programs. Epidemio-
logical observations may have suggested that a particular
biomarker is correlated with pathology, and longitudinal
studies may have indicated that levels of said biomarker

diabetes.diabetesjournals.org Florez 1775



rise in anticipation of disease onset. A reasonable assump-
tion can be made that modulating the biomarker may have
an impact on disease incidence. However, it is still entirely
possible that the biomarker may be an epiphenomenon,
driven by an occult primary process that causes disease and
elevates the biomarker in parallel, whereas the biomarker
itself has no direct influence on pathogenesis.

Until recently, to address the potential causal role of
the biomarker, pharmaceutical companies had to produce
the means to modulate biomarker levels and test
whether such modulation affected disease outcomes in
randomized clinical trials. Now genetics can aid in this
high-stakes decision making (Fig. 2). Because alleles are
randomized at meiosis, lifelong exposure to a genetic var-
iant is largely a random event. If a variant raises levels of
a biomarker and that biomarker is causal for disease, then—
contingent on adequate statistical power—the biomarker-
raising allele should be associated with the disease outcome.
If, however, despite clear effects on biomarker levels, there is
no hint of an association with disease, then merely modu-
lating levels of the biomarker may have no influence on the
disease process. This technique, termed Mendelian random-
ization (48), has been used to demonstrate that LDL cho-
lesterol is causal for myocardial infarction (as had been
demonstrated by multiple statin trials), whereas HDL cho-
lesterol is not (as corroborated by failed HDL-raising ran-
domized clinical trials, conducted at tremendous expense
and effort) (49). In a similar fashion and through the use
of GRSs, we have recently demonstrated that BMI influences
diabetic kidney disease in type 1 diabetes (50) and hyper-
glycemia is causal for coronary artery disease (51).

DEMOCRATIZING GENETICS

The sheer size and complexity of genetic analyses have
often conspired to make genetic data sets only accessible
to the cognoscenti. Without a background in statistical

genetics or bioinformatics, it has been very difficult for
interested parties in academia, government, or industry
to engage genetic data sets to answer critical questions.
Thus, emergent findings in human genetics have not truly
permeated the rest of biology, and experimentalists have
been largely unable to test biological hypotheses anchored
on human genetic data.

Human geneticists have become aware of this chal-
lenge. Though typically attuned to the ethical imperative
of data sharing, as manifested by the commonly accepted
standard in the field of making summary data publicly
available via consortium websites, they have found the
official mechanisms available for such sharing imposing,
burdensome, and inadequate. To overcome these barriers,
the Accelerating Medicines Partnership in Type 2 Diabetes
(AMP-T2D), involving government, industry, and acade-
mia, has coalesced to create a knowledge portal (www
.type2diabetesgenetics.org) where genetic and pheno-
typic information around type 2 diabetes and related
traits will be deposited for data mining (52). The database,
populated by existing genomics consortia for type 2 diabe-
tes (DIAbetes Genetics Replication And Meta-analysis
[DIAGRAM] and Type 2 Diabetes Genetic Exploration
by Next-generation sequencing in multi-Ethnic Samples
[T2D-GENES]), quantitative glycemic traits (Meta-Analyses
of Glucose and Insulin-related traits Consortium [MAGIC]),
trans-ethnic explorations (Meta-Analysis of Type 2 Diabetes
Genome-Wide Association Studies in African Americans
[MEDIA], African American Genetics of Glucose and Insu-
lin [AAGILE], Slim Initiative in Genomic Medicine for the
Americas [SIGMA], and DIAbetes Meta-ANalysis of Trans-
Ethnic association studies [DIAMANTE]), and diabetes
complications (GEnetics of Nephropathy: an International
Effort [GENIE] and Diabetic Nephropathy Collaborative Re-
search Initiative [DNCRI]), health care organizations (e.g.,
Mount Sinai’s BioMe), pharmaceutical companies (e.g.,
CArdiovascular and Metabolic Patient cohort [CAMP], spon-
sored by Pfizer), and many others, attempts to capture
the majority of genomic information available globally for
this condition. It resides in a secure set of sites linked to
each other via federation. Analytical engines are being de-
veloped that allow the user to query the data sets with
intelligent and flexible requests in real time. To protect re-
search participants, only summary results will be returned,
and no primary data can be downloaded. The analytical
interface is modular, versatile, and organic, adopting new
methods and perspectives while preserving rigor.

CONCLUSIONS

There is a need for a revolution in drug discovery in type 2
diabetes, with the twin goals of disease modification and
alleviation of specific pathophysiological processes. Biolo-
gists, epidemiologists, and physiologists must collaborate in
defining clear disease subtypes. The focus must switch to the
human as the relevant model system. Genetics can help
clarify disease heterogeneity and provide valid candidates
for drug development. Placing genotype and phenotype

Figure 2—Schema illustrating the concept of Mendelian randomi-
zation. Left: A risk factor X is observed to co-occur with a clinical
outcome Y. The relationship between the two is unclear, as the risk
factor could cause the outcome, be caused by it, or both could be
driven by occult confounding factors U. Right: However, if a genetic
instrument Z is found that determines levels of the risk factor and
meets a number of assumptions (e.g., no pleiotropy), then detecting
an association of the instrument with the outcome (dashed arrow)
places the risk factor on the causal pathway for the outcome (bold
arrow).
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information in a secure, accessible, user-friendly, and com-
prehensive site such as the AMP-T2D Knowledge Portal
is one initial step in that direction. Robust and intelligent
genetic analyses can provide shortcuts that identify
effector transcripts in genomic regions, establish direction
of functional effect, support causal inference around in-
termediate biomarkers, and illustrate off-target conse-
quences (Table 4). The rational and comprehensive
deployment of genetic approaches across the pharmaceu-
tical industry should accelerate and enhance drug discov-
ery pipelines in type 2 diabetes.
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